Oocyte developmental competence is acquired throughout folliculogenesis and is associated with appropriate differentiation and responsiveness to the luteinizing hormone (LH) surge. The recent development of a novel system for culturing ovarian follicles in a three-dimensional alginate matrix shows promise in phenocopying in vivo folliculogenesis. However, oocytes from follicles grown in vitro have a reduced capacity to complete nuclear maturation and be fertilized compared to oocytes matured in vivo. Oocyte metabolism is closely linked with oocyte quality, and we have recently shown that beta-oxidation of lipids is essential for oocyte developmental competence. Thus we investigated whether upregulation of beta-oxidation by treatment with the fatty acid transport cofactor L-carnitine could improve folliculogenesis and developmental competence of mouse follicles following three-dimensional culture. Ovarian hormones (androstenedione, estradiol, and progesterone) and the induction of cumulus matrix proteins (hyaluronan and ADAMTS1) were similar to in vivo follicles, indicating that appropriate differentiation of follicular cells occurs in cultured follicles after an LH/human chorionic gonadotropin (hCG) stimulus. L-carnitine did not alter survival, growth, or differentiation of follicles. However, L-carnitine supplementation significantly increased beta-oxidation, and markedly improved both fertilization rate and blastocyst development. Together, these results show that appropriate responsiveness of the follicle to the LH/hCG surge occurs following three-dimensional follicle culture but limitations on key metabolic requirements remain. L-carnitine supplementation during in vitro follicle culture increased lipid metabolism and improved oocyte developmental competence.
INTRODUCTION
Fertilization and development of a healthy embryo capable of implanting and establishing a pregnancy is dependent on the quality, or developmental competence, of the oocyte. Oocyte developmental competence is acquired throughout folliculogenesis and in response to oocyte maturation signals; however, what controls or defines developmental competence remains unclear [1] . During folliculogenesis a small secondary follicle develops into a mature antral follicle, in which the oocyte, encapsulated by a specialized layer of cells known as the cumulus cells and collectively known as the cumulus oocyte complex (COC), is in turn surrounded by a layer of mural granulosa cells. Coordinated responses between these cells contribute to oocyte development and follicle growth and are required for normal responses to the ovulatory and oocyte maturation stimulus, which in vivo is the surge of luteinizing hormone (LH) from the pituitary [2, 3] .
Maturation of COCs in vitro (IVM) presents a number of methodological challenges [4] [5] [6] attributable to the loss of normal cellular interactions and the properties endowed by follicular somatic cells on oocytes. The recent development of a novel system for culturing ovarian follicles in a threedimensional (3D) alginate matrix [7, 8] shows great promise in mimicking folliculogenesis in vitro and provides a means to study and manipulate follicle growth and oocyte development directly. The alginate 3D system is able to maintain the 3D structure of the follicle and the cell-to-cell contact between the oocyte and its surrounding support cells [9] , which is known to be critical for oocyte development and quality [10, 11] . Although blastocyst development rates tend to be lower in oocytes derived from in vitro-grown follicles than oocytes matured in vivo, both 3D and traditional two-dimensional follicle culture systems have been successful in generating fertilizable oocytes capable of producing live offspring [12] [13] [14] . The 3D system is also able to support the growth of follicles from larger species, including human (reviewed in [15] ) [9, 16] . Thus, there is great interest in optimizing the 3D alginate system for the potential future use of this technology clinically.
Ovarian hormones play an important role in follicular differentiation and are also an indicator of post-LH differentiation and responsiveness in the mouse ovary. It is unclear whether mouse follicles grown in vitro using the 3D alginate system have normal ovarian hormone secretion following an ovulatory/oocyte maturation stimulus, thus reflecting appropriate follicular differentiation. The differentiation of the cumulus cell lineage during murine folliculogenesis is reliant on factors derived from the oocyte [11, 17, 18] but, more recently, has also been shown to be dependent on the ovarian hormone estradiol [19] . Further, signaling of progesterone in the granulosa cells of the follicle is critical for the follicle to respond to LH and induce ovulation [20, 21] .
Inappropriate differentiation of cumulus cells and their response to the LH surge is associated with decreased oocyte developmental potential [22] . LH-mediated induction of cumulus matrix genes is critical for fertility [23] [24] [25] [26] [27] [28] and is associated with oocyte quality in humans [29] [30] [31] . Components of the cumulus matrix are derived from both cumulus and granulosa cell compartments of the follicle, with hyaluronan being primarily derived from the cumulus cells [32, 33] ; gene expression responsible for the production of versican and a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 1 (ADAMTS1) in the mouse is restricted to the granulosa cells with the secreted proteins localizing to the cumulus matrix [34, 35] . ADAMTS1 and versican are absent from the cumulus matrix in IVM [36] , illustrating the importance of appropriate follicle structure and the apt response of the whole follicle to the LH surge for complete cumulus expansion and optimal oocyte quality. Whether appropriate induction of cumulus matrix components in the cumulus and granulosa cells layers occurs in antral follicles grown in vitro in the 3D alginate system and in response to an ovulatory/oocyte maturation stimulus is unknown.
An increasing body of work points to the importance of metabolism and metabolic rate in determining oocyte quality and developmental competence and in particular the role of ATP [37] [38] [39] [40] [41] . Recently we showed that during IVM the metabolism of lipids via b-oxidation is critical for oocyte quality and that increased b-oxidation during IVM significantly improved oocyte quality [42] . Similarly, inhibition of boxidation during IVM of bovine and mouse oocytes impairs blastocyst development [42, 43] . Additionally, b-oxidation has shown to be involved in the resumption of meiosis [44] . The role of b-oxidation in folliculogenesis and in determining oocyte developmental potential during in vitro follicle growth and development has previously not been examined.
In the current study, we investigated the dynamics of post-LH differentiation of follicle cells following 3D alginate follicle culture. This was examined by measuring the profile of ovarian hormones throughout follicle growth in vitro and in response to human chorionic gonadotropin (hCG). We also examined the induction of LH-responsive cumulus matrix proteins known to be derived either from the cumulus cell lineage (hyaluronan [33] ) or from the granulosa cell layer (ADAMTS1 [34] ). Finally, we investigated the role of boxidation in determining oocyte quality during follicle growth, through upregulation of b-oxidation by culture with L-carnitine.
MATERIALS AND METHODS

Materials
Equine chorionic gonadotropin (eCG) and hCG were purchased from Calbiochem, Merck Pty. Ltd. Culture media was purchased from Gibco, Invitrogen Australia Pty. Ltd., unless otherwise stated. All other reagents were purchased from Sigma-Aldrich Pty. Ltd. unless stated otherwise.
Animals
CBA 3 C57BL/6 first filial generation (F 1 ) mice were obtained from Laboratory Animal Services (University of Adelaide, SA, Australia) and maintained on a 12L:12D cycle with rodent chow and water provided ad libitum. All experiments were approved by the University of Adelaide's Animal Ethics Committee and were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Preparation of Alginate for Follicle Encapsulation and Culture
Sodium alginate (55%-65% glucuronic acid, PRONOVA UP MVG) was purchased from NovaMatrix (FMC BioPolymer AS), purified by the addition of activated charcoal, and prepared as previously described [8] . Alginate was reconstituted in Dulbecco phosphate-buffered saline (13; Invitrogen Australia Pty. Ltd.) to a final concentration of 0.15% (w/v) on the day of experiment.
Isolation, Encapsulation, and Culture of Mouse Secondary Follicles
Follicle isolation, encapsulation, and culture were based on a previously published method [8] . All procedures were carried out at 378C at pH 7.0. Immature secondary follicles (type 4 [45] ) were isolated from mice at 12 days of age by mechanical dissection with 30-gauge needles in Leibovitz L-15 medium supplemented with 1% fetal calf serum (FCS). Follicle selection criteria for encapsulation and culture were as previously described [12] . Selected follicles were washed twice in 0.15% alginate followed by encapsulation in 2-3 ll of 0.15% alginate. Encapsulation involved pipetting a follicle into a 2-3-ll drop of 0.15% alginate on a tissue culture dish. The alginate/follicle droplet was then aspirated using an 18-gauge drawing-up needle without bevel and a 1-ml syringe and expelled into a solution of 50 mM CaCl 2 /140 mM NaCl. The alginate was allowed to cross-link for a minimum of 2 min in the CaCl 2 /NaCl solution. Following encapsulation, the follicle/alginate beads were maintained in Hepes-buffered minimum essential medium alpha (aMEM) containing 1% FCS until completion of the follicle encapsulation process. Follicles were cultured individually in 100 ll of bicarbonate-buffered aMEM containing 5% FCS, 10 mIU/ml LH, and 100 mIU/ml FSH [46] [47] [48] at 378C in an atmosphere of 6% CO 2 and 94% air, with media sampling (50 ll, stored at À808C) and replacement every second day [8] , with the exception of when follicles were provided with the maturation stimulus following 12 days of culture, whereby all media was removed and replaced with 100 ll of maturation media (as described below). One micromolar L-carnitine was added to the media from the beginning of culture (see .
Follicles were cultured for 12 days and their diameter and health assessed using an inverted Olympus 1X81 microscope fitted with an F-View soft image system camera (Olympus Australia Pty. Ltd.). Follicles were visually assessed on Day 12 for antrum development and survival (n ¼ 3, representative of 58-62 follicles from five animals; see Fig. 4A ). Follicles were considered atretic if the oocyte was not contained within the follicle or completely surrounded by granulosa cells or if the diameter of the follicle had decreased. Follicle diameter was measured by taking duplicate measurements per follicle using AnalySIS LS Professional software (Olympus Australia Pty. Ltd.; n ¼ 52-58 follicles from five animals; see Fig. 4B ).
In-Follicle Oocyte Maturation
Following the 12-day culture period, antral follicles were stimulated to induce oocyte maturation and cumulus expansion by incubation in maturation media (bicarbonate-buffered aMEM/10% FCS/1.5 IU/ml hCG) at 378C in an atmosphere of 6% CO 2 and 94% air.
Where oocyte maturation, fertilization, and development to blastocyst were assessed, follicles were removed from the alginate bead by incubation at 378C for 15 min in Hepes-buffered aMEM supplemented with alginate lyase (10 U/ ml). Follicles were then washed in Hepes-buffered aMEM/1% FCS and dissected open using 30-gauge needles to expose the immature, unexpanded COC. With the COC still attached and associated with the follicle wall, follicles and COCs were matured in maturation media (bicarbonate-buffered aMEM/ 10% FCS/1.5 IU/ml hCG) for 16 h at 378C in an atmosphere of 6% CO 2 and 94% air. For oocyte maturation, 16 h of hCG treatment was chosen based on previous follicle culture studies assessing oocyte maturation and subsequent preimplantation embryo development in the mouse [12, 13] . In assessing whether L-carnitine supplementation improves oocyte developmental competence, follicles cultured in the presence of L-carnitine for 12 days were also matured in maturation media supplemented with L-carnitine (1 mM; described below). . Media harvested from wells containing no follicle were used as a control (bicarbonate-buffered aMEM, 5% FCS, 10 mIU/ml LH, and 100 mIU/ml FSH). The minimum detection limits for the 17b-estradiol, androstenedione, and progesterone assays are 2.2 pg/ml, 0.02 ng/ml, and 0.10 ng/ml, respectively.
Hormone Assays
Histology
Following 12 days of culture and 11 h postovulatory stimulus (1.5 IU/ml hCG), follicles contained within their alginate bead were fixed in 4% paraformaldehyde, 100 mM cacodylate, 10 mM CaCl 2 , pH 7.0, for 16 h, then washed in 100 mM cacodylate, 50 mM BaCl 2 , pH 7.0, and processed for paraffin histology [49] . For in vivo grown follicles, prepubertal (Days 21-23) CBA 3 C57BL/6 F 1 female mice were treated with i.p. administration of eCG (5 IU) followed by hCG (5 IU) 44 h later. Tissues were collected at 11 h posthCG after cervical dislocation, immediately fixed in 4% paraformaldehyde, and processed for paraffin histology. Eleven hours post-hCG was chosen for both in vitro-and in vivo-grown follicles, as this is the latest time before which ovulation occurs in vivo in the CBA 3 C57BL/6 F 1 mice (our unpublished observations). Sections (7 lm) of paraffin-embedded tissues were mounted onto SuperFrost microscope slides (Thermo Scientific) and either stained with hematoxylin and eosin (H&E) or used for ADAMTS1 or hyaluronan immunohistochemistry [50] . Tissue sections were dewaxed in xylene and rehydrated, and antigen retrieval was performed for ADAMTS1 immunohistochemistry by incubating slides in citrate buffer solution (10 mM sodium citrate, pH 6.0) for 20 min at 958C. After cooling, sections for ADAMTS1 staining were incubated for 10 min at RT with 1 lg/ml proteinase K. For hyaluronan immunohistochemistry, sections were treated with chondroitinase ABC (0.02 U/ml; Seikagaku). All sections were washed with PBS, then incubated with 3% hydrogen peroxide (H 2 O 2 ) for 10 min at RT to quench endogenous peroxidase activity. Sections were washed in PBS containing 0.025% Tween 20 (PBST, pH 7.4), blocked with 10% normal goat serum in PBST for 1 h at RT, and then incubated at RT with the primary antibody (ADAMTS1, 1/1000 [34] ; biotinylated hyaluronic acid binding protein [HABP2], 1/500; Seikagaku) overnight at room temperature in a humid chamber. Negative controls were performed by omission of primary antibodies on some sections. Sections were washed with PBST and incubated with biotinylated secondary antibodies (Millipore Corporation) for 1 h. Sections For B-D, because of nonnormal distribution of data a nonparametric one-way repeated-measures ANOVA (Friedman test) was used to compare day of culture within a treatment. Different characters signify statistical significance within a treatment, P , 0.05 by Tukey post hoc test. For E, data was analyzed by a paired t-test to compare effect of day within a treatment. For B-E, no significant effect of L-carnitine treatment was found by unpaired t-test on any day of culture (P . 0.05). All data presented as mean þ SEM.
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were treated with streptavidin horseradish peroxidase conjugate (Vectastain ABC Kit; Vector Laboratories) and detection was performed using diaminobenzidine (Vector Laboratories) according to manufacturer's instructions. Sections were counterstained with hematoxylin prior to mounting. Hyaluronan and ADAMTS1 immunohistochemistry results were confirmed in in vivo follicles from three or more animals and 12-13 in vitro follicles from three or four animals. Images of sections were captured at high resolution using NanoZoomer Digital Pathology technology (Hamamatsu Photonics K.K.).
b-Oxidation Assay
Rates of b-oxidation were measured in cultured follicles using a modified method of Cabrero et al. [51] . Follicles were cultured for 12 days as described above, with or without L-carnitine supplementation (1 mM). Follicles were digested from the alginate bead and those that were visibly antral were chosen for the analysis of b-oxidation, again with or without L-carnitine supplementation (1 mM). Individual follicles were added to a well of a 96-well plate containing bicarbonate-buffered aMEM medium supplemented with 0.3 mM 9,10-[ 3 H]-palmitate (specific activity, 32.4 Ci/mmol, 11.9 lCi/well; Perkin Elmer), 5% FCS, and 3 mM D-glucose, 1.5 IU/ml hCG, in a final volume of 100 ll. Treatment involved either the absence or presence of L-carnitine (1 mM) throughout the culture of follicles and during the assay (n ¼ 19 or 22 follicles isolated from three animals in three independent experiments). Follicles were incubated at 378C in an atmosphere of 6% CO 2 and 94% air for 16 h, after which oxidation of 9,10-[ 3 H]-palmitate was measured by the production of 3 H 2 O in the media. Excess 9,10-[ 3 H]-palmitate was removed by trichloroacetic acid (TCA) precipitation, which was performed twice by the addition of an equal volume of 10% TCA, incubation on ice for 30 min, and centrifugation at 13 000 3 g for 5 min. An aliquot of the resulting supernatant (190 ll) was treated with 950 ll of methanol:chloroform (2:1) and 380 ll of 2 M KCl:HCl and centrifuged at 3000 3 g for 5 min. An aliquot of the supernatant (0.5 ml) was removed and counted following the addition of scintillation fluid. Each treatment included duplicate blank wells containing no follicles. The relative levels of b-oxidation were calculated by first subtracting the mean of the duplicate blank wells, then by the ratio of labeled product (Ci) to labeled substrate (47.7 Ci/mmol), corrected by product recovery, and the proportion of tritiated to unlabeled hydrogen atoms (i.e., 2 resultant Acetyl-CoA molecules out of a total of 16). Data are presented as picomoles per follicle per hour. Calculations were based on the assumptions of no loss of tritiated water through evaporation and complete oxidation of the radiolabeled substrate.
Embryo Production and Assessment of Embryo Development
Following 12 days of in vitro follicle growth/16 h hCG with or without Lcarnitine supplementation (1 mM), COCs that had undergone expansion (see Fig. 5A ) were washed twice and fertilized in vitro under identical conditions in L-carnitine-free media, and the development of embryos to the blastocyst stage assessed (n ¼ three independent experiments, 58-62 follicles per treatment from a total of five animals). Sperm were collected from CBA 3 C57BL/6 F 1 male mice from the vas deferens and the caudal region of the epididymis. Sperm were capacitated in bicarbonate-buffered aMEM supplemented with 3 mg/ml bovine serum albumin (BSA; fatty acid-free) for 1 h at 378C in an atmosphere of 6% CO 2 and 94% air. Following capacitation, COCs and sperm (35 000 sperm/ml) were coincubated in bicarbonate-buffered aMEM supplemented with 3 mg/ml BSA for 4 h at 378C in an atmosphere of 6% CO 2 and 94% air. Presumptive zygotes were stripped of any remaining cumulus cells and sperm by manual pipetting and cultured in 20-ll drops of Vitro Cleave (Cook Australia). At this stage, presumptive zygotes were assessed, and if a polar body was present in the perivitelline space, oocytes were considered to have completed nuclear maturation and classified as metaphase II (MII). 
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Fertilization rate was assessed as embryos cleaving to the two-cell stage. Embryos were transferred to fresh medium on Day 3 of embryo culture. Blastocyst development was assessed as the ability of embryos to reach the blastocyst stage of development. The rate of development was assessed as the percentage of embryos meeting the development criteria from the starting number of follicles cultured.
Statistical Analysis
Steroid secretion profiles and follicle growth were analyzed by performing a repeated-measures ANOVA with appropriate post hoc test within a treatment, with the exception of Figure 4E , where a paired t-test was performed. An unpaired t-test was used to compare the effect of L-carnitine treatment on boxidation, follicle survival, and antrum development and to assess the effect of treatment on follicle diameter and steroid level on a particular day of culture. For embryo development data, an unpaired t-test was used to compare differences between treatments within developmental stage. When data did not follow a normal distribution, either a transformation was performed or a nonparametric test was used. For graphing and statistical analyses, GraphPad Prism version 5.01 for Windows (GraphPad Software Inc.) and SigmaPlot version 11.0 graphing and statistical package (Systat Software Inc.) were used. Differences were considered significant at P , 0.05.
RESULTS
Induction of LH/hCG-Mediated Maturational Changes in Follicles Grown In Vitro
There was a significant increase in the levels of androstenedione, estradiol, and progesterone on Day 12 of culture compared to Day 6 (Fig. 1, A-C) , consistent with previous reports [8] . After 12 days of culture and following an ovulatory/oocyte maturation stimulus (hCG) there was a 2.5-and 1.5-fold reduction in androstenedione and estradiol secretion (Fig. 1, A and B) , respectively and a 4.5-fold increase in progesterone secretion (Fig. 1C) .
Antrum formation and cumulus expansion were observed in follicles grown in vitro and in response to an hCG stimulus, respectively (Fig. 2B) , and were morphologically similar to in vivo eCG/hCG stimulated follicles ( Fig. 2A) . Hyaluronan protein was detected in the cumulus and granulosa cells adjacent to the antrum (Fig. 2D) , consistent with localization in vivo ( Fig. 2C and [52] ). In vitro-grown follicles also showed similar localization of ADAMTS1 (Fig. 2F ) to those grown in vivo (Fig. 2E and [34] ), with the LH-induced mature/active protease localizing to both granulosa and cumulus cell layers.
L-Carnitine Supplementation Throughout Follicle Growth In Vitro Increases b-Oxidation but Does Not Affect Survival, Growth, or Steroid Secretion Profile
The addition of L-carnitine to the culture medium resulted in a significant 20% increase in b-oxidation in follicles during the hCG-induced oocyte maturation period (Fig. 3) .
We next assessed whether L-carnitine supplementation affected the survival, growth, or steroid secretion profile throughout development in vitro. Supplementation with Lcarnitine (1 mM) did not affect the survival rate, the number of follicles developing an antrum (Fig. 4A, P . 0.05) , or the growth trajectory of antral follicles (Fig. 4B, P . 0.05) . Similarly, L-carnitine supplementation had no effect on the secretion of the steroid hormones androstenedione, estradiol, or progesterone when compared to control follicles on any day of culture (Fig. 4 , C-E, P . 0.05). There was a significant increase in the secretion of steroid hormones from follicles cultured under control conditions at Day 10 (androstenedione, Fig. 4C ) or Day 12 (estradiol and progesterone, Fig. 4D and E, respectively) compared to the earliest time point measured, as similarly observed in Figure 1 . L-carnitine-treated follicles also showed significant increases in androstenedione and estradiol secretion over the culture period (Fig. 4, C and D) .
L-Carnitine Supplementation Throughout Follicle Growth In Vitro Improves Oocyte Developmental Competence
We next assessed whether L-carnitine supplementation during in vitro follicle growth and development had an effect on oocyte maturation and subsequent fertilization and embryo development. L-carnitine supplementation during in vitro follicle growth and maturation significantly increased the number of mature oocytes developing to MII (Fig. 5D) . Lcarnitine supplementation also resulted in a significant 2.3-fold increase in the number of oocytes capable of fertilization, as assessed by the number of 2-cell embryos 24 h following IVF (Fig. 5E ) and a 3.1-fold increase in the number of embryos subsequently reaching the blastocyst stage (Fig. 5E ). The effect of L-carnitine on blastocyst development was similar when calculated from number of surviving follicles (control 14.51% 6 3.41%, L-carnitine 40.6% 6 5.37%, P ¼ 0.007) or from number of follicles reaching the antral stage (control 25.24% 6 7.66%, L-carnitine 53.33% 6 5.3%, P ¼ 0.02).
DISCUSSION
We show here that following in vitro 3D follicle culture appropriate differentiation of follicular cells occurs after an ovulatory/oocyte maturation stimulus. Specifically, the dynamics of follicular steroid secretion were consistent with post-LHsurge luteinization in vivo [2, 53] and the production of cumulus matrix proteins was similar to in vivo folliculogenesis [34, 52] . We show that in response to hCG the pattern of hyaluronan induction in follicles grown in vitro mimics that seen in vivo, with localization being restricted to cumulus cells and antral granulosa cells, a phenotype associated with cumulus-specific gene expression in response to factors secreted from the oocyte [52] . Similarly, hCG-induced production of the protease ADAMTS1 occurs in follicles grown in vitro as observed in vivo. Induction of ADAMTS1 in the follicle at ovulation is required for female fertility [24, 50] , but fails to occur when COCs are matured in vitro [36] . That ADAMTS1 was successfully induced in response to hCG and localized to the COC during expansion illustrates the ability of the 3D-alginate system to mimic folliculogenesis in vitro and provide the maturing COC with factors derived from the somatic granulosa cells during maturation that are lacking during standard IVM. Thus, in response to hCG, 3D in vitrogrown follicles phenocopy those seen in vivo, exhibiting induction of progesterone secretion and cumulus matrix components, processes known to be critical for fertility and oocyte quality. However, previous studies have shown that the blastocyst rates from oocytes of in vitro-grown follicles [8] are not as high as from in vivo-grown oocytes [54] . It may be that the metabolic requirements of the follicle and oocyte during in vitro 3D growth may not be sufficient, as increased b-oxidation resulted in improved oocyte developmental competence.
The metabolic requirement of a follicle during development is high as energy production must support up to 21 doublings in cell number in some species [55] . Similarly, oocyte quality is associated with high levels of cellular energy in the form of ATP [56] [57] [58] . Lipids are a potent source of ATP and several fold more energy rich than glucose. The energy-dense nature of lipids and their ability to generate abundant ATP from relatively low levels of extracellular or stored lipid substrate has led our group to focus on the developmental importance of L-CARNITINE IMPROVES IN VITRO FOLLICLE CULTURE lipid metabolism during the acquisition of oocyte developmental competence.
Generation of ATP from lipids occurs within mitochondria by b-oxidation of fatty acids, with the initial and rate-limiting step catalyzed by carnitine palmitoyl transferase I, which also requires carnitine. Our recent work has demonstrated the essential requirement for b-oxidation during IVM of COCs and that upregulation of this metabolic pathway by L-carnitine was developmentally beneficial [42] . Current defined media preparations utilized for the in vitro growth of follicles are formulated to support ATP production from carbohydrates and not lipids [8, 9, 16, 59] . Also, it is unlikely that they provide sufficient levels of L-carnitine, without which entry of activated fatty acids into the mitochondria does not occur. The current study investigated the role of L-carnitine during in vitro 3D follicle culture on subsequent developmental competence of the oocyte. We show here that compared to control conditions, L-carnitine supplementation throughout in vitro 3D follicle culture significantly increases b-oxidation in the follicle and subsequently leads to a significant increase in the number of blastocyst embryos without altering survival, growth, or differentiation of the follicle as assessed by follicle diameter and steroid secretion.
The role of b-oxidation in determining oocyte quality may be of greater developmental importance during in vitro follicle growth than during IVM of COCs, as L-carnitine supplementation significantly increased the maturation and fertilization rate of oocytes from in vitro-grown follicles in the current study, whereas no significant effect was observed on the number of MII oocytes or fertilization rate following IVM of in vivo grown oocytes in our previous study [42] . L-carnitine treatment during IVM did, however, significantly increase the number of resultant blastocyst embryos [42] but this effect was also greater in the current study. It is also possible that some of the beneficial effects on oocyte quality are via its antioxidant activities, and the differential effects of L-carnitine will require further investigation.
The development of a follicle culture system that recapitulates the 3D structure of the follicle in a biologically inert alginate matrix is a major advancement [7, 12] . In particular, the 3D follicle culture technology shows great promise in providing young cancer survivors the opportunity to restore their fertility using cryopreserved ovarian tissue collected prior to treatment [60, 61] , and also avoids potential reintroduction of cancer cells, as may occur with ovarian tissue transplantation [62, 63] . Additionally, the 3D follicle culture technology may be the only or most appropriate option for patients without a partner at the time of treatment, for prepubertal patients, or where a delay in treatment, which is required for an IVF cycle, is not advisable [61] . The development of a culture system that meets the requirements of the follicle and oocyte during folliculogenesis is critical for this technique to produce sufficient numbers of oocytes to be utilized clinically, and there has been significant recent progress in finding the apt conditions in which to grow follicles in the 3D alginate system using both human and nonhuman primate follicles [9, 16, 59] . Future investigations may investigate the metabolic requirements of the human follicle in vivo, as well as determine the effects of L-carnitine on human follicles cultured in vitro.
To the best of our knowledge, this is the first study to show that optimization of metabolic pathways responsible for ATP production is necessary for the success of this system. From this and our previous study [42] , it appears that b-oxidation plays an important role in determining oocyte quality and developmental competence, enabling the further optimization and improvement of the 3D alginate in vitro system as an option for restoring female fertility and as a tool for studying follicular and oocyte development.
